Abstract-In this paper, we have demonstrated successfully a new approach for evaluating the hot-carrier reliability in submicron LDD MOSFET with various drain engineering. It was developed based on an efficient charge pumping measurement technique along with a new criterion. This new criterion is based on an understanding of the interface state (N it ) distribution, instead of substrate current or impact ionization rate, for evaluating the hot-carrier reliability of drain-engineered devices. The position of the peak N it distribution as well as the electric field distribution is critical to the device hot-carrier reliability. From the characterized N it spatial distribution, we found that the shape of the interface state distribution is similar to that of the electric field. Also, to suppress the spacer-induced degradation, we should keep the peak values of interface state away from the spacer region. In our studied example, for conventional LDD device, sidewall spacer is the dominant damaged region since the interface state in this region causes an additional series resistance which leads to drain current degradation. LATID device can effectively reduce hot-carrier effect since most of the interface states are generated away from the gate edge toward the channel region such that the spacer-induced resistance effect is weaker than that of LDD devices.
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I. INTRODUCTION
T HE spacer-induced degradation resulting from hot-carrier injection is believed to be intrinsic to the conventional LDD structure with n -to-gate offset [1] , [2] . In recent years, several improved drain-engineered MOSFET's, such as MLDD [3] , ITLDD [4] , GOLD [5] , and LATID [6] , have received much attention because of their abilities to enhance current drivability and alleviate spacer-induced degradation [2] . However, there is no unified solution for analyzing the hot-carrier reliability in various drain-engineered devices.
In the past, normally we use drain current degradation , threshold voltage shift voltage shift , transconductance degradation , or substrate current for comparing the hot-carrier reliability of MOS devices [7] . However, to compare the hot-carrier effect in drainengineered MOSFET's, the commonly used substrate current or total amount of generated interface states is not a sufficient criterion. On the other hand, since interface state generation is the dominant mechanism responsible for the variation of the above characteristics, determination of the interface states, in particular its spatial distributions, becomes critical to a device engineering work. For example, the drain current degradations are closely related to the distribution of hot-carrier induced interface states and device parameters such as n doping profile and gate oxide thickness [1] , [8] . Therefore, to get insight into the degradation process of drain-engineered device in more detail, it is essential to first physically characterize the interface state profile. To deal with the aforementioned problems, in this paper, we will propose an efficient profiling technique to characterize the lateral distribution of and to show its applications for a drain engineering work. Section II describes the device parameters and hot-carrier stress conditions used in this study. Section III presents an improved charge pumping profiling technique and the characterization results of distributions. Section IV demonstrates an application of this new method to study the structure-dependent hot-carrier degradation in various drain-engineered MOSFET's. A summary and conclusion are given in Section V.
II. DEVICE PREPARATION AND EXPERIMENTAL CONDITIONS
Various submicron n-channel LDD devices with different drain-engineering were fabricated using standard polysilicon gate CMOS process. sides by rotating the wafer automatically. Sidewall spacer were processed by CVD SiO deposition followed by reactive ion etching, the resultant width is 0.15 m for all device. N source and drain were formed by 80 KeV arsenic implantation at a dose of cm . The masked gate width of all devices are 20 m. Several important device parameters such as drawn channel length , extracted geometrical effective channel length , threshold voltage , and current drivability (evaluated at V) are also listed in Table I . All devices were stressed at V and V for hot-carrier reliability evaluation.
III. THE INTERFACE STATE PROFILING TECHNIQUE

A. Experimental Setup of CP Measurement
The experimental setup for CP measurement is shown in Fig. 1 . The source, drain and bulk electrodes of tested device were grounded. A 1 MHz square pulse waveform provided by HP8110A with fixed base level and varying high level was applied to the gate. We keep at 6 V and increase from 6 V to 6 V with 0.1 V step. The voltage step will affect the profiling resolution. Parameter analyzer HP4145B was used to measure the charge pumping current .
B. Derivation of from -Relationship
The local threshold voltage and local flatband voltage along the surface of a device is not laterally uniform due to the variation of doping profile. As illustrated in Fig. 1(a V is believed to be much lower than local at the most right end of damaged region along the SiO /Si interface. The measured versus characteristics for fresh and stressed devices are shown in Fig. 1(b) . increases with stress time, which means that is generated continuously.
In a fixed base level CP measurement [9] , the ( (stressed)-(fresh)) as a function of the can be analytically expressed as
in which, (in unit cm V ) is the density of hotcarrier induced interface states at a position where the local threshold voltage is is the gate pulses frequency, is the channel width and . Taking the first derivative of with respect to gives (2) Since increasing widens the detectable damaged region toward the channel direction, indeed, the versus detected length relationship implies the spectroscopy of local threshold voltage. In other words, ( is position coordinate, the origin is set at the point where ) relationship is identical to that of . By changing the integral variable from voltage to position, (1b) becomes (3) in which is the position where equals . Let (4) (3) can be rewritten as (5) where (in unit cm ) is the lateral distribution of generated . Substituting (2) into (4), is rearranged as (6a) (6b) Assuming no fixed oxide charges are generated during stress at bias, local threshold voltage will not be altered. By calculating local threshold voltage from two-dimensional (2-D) device simulation and from measured -curves, (6b) provides us a simple and accurate way to a simple and accurate way to characterize directly from CP measurement.
C. Simulation of the Local Threshold Voltage
For an n-MOSFET in CP measurement, the local threshold voltage (or flat-band voltage) of a point at the interface is defined as the gate voltage at which the free electron (or hole) concentration ( for electron, for hole) at the surface is sufficiently large so that the fast interface states can capture electrons (or holes) during the time the gate pulse is applied [10] . The minimum required surface concentration for electrons (holes) with time constant and capture cross section is given by
For a 1 MHz symmetrical square gate pulse, we have s. With cm and cm/s, cm . Thus, for the given gate pulse train, the local threshold (flat-band) voltage of a point at interface is defined as the gate voltage that accumulates cm electrons (holes) at the surface. The simulated shapes of and relationship using Minimos 4.2 [11] are shown in Fig. 2 .
D. Characterization Results and Discussion
Based on (6b), Figs. 1(b) and 2, the calculated distributions for the LDD device are given in Fig. 3 . Minimos 4.2 was used to simulate the lateral surface electric field and normalized hot-carrier injection current density are also shown together for examining the appropriateness of the profile. The hot-carrier injection current density at each position, , is calculated as where and are lateral components of local surface current density and electric field, respectively, eV, A and coulomb. is normalized to its maximum value. As illustrated in Fig. 1(a) , we divide the hot-carrier damaged area into three regions: Region I is the channel region, Region II is the gate-to-n overlapped region, and Region III is the sidewall spacer region. The discussion of the above results follows.
1) To show the validity of the characterized results in Fig. 3 , the distributions of was incorporated into Minimos 4.2 [11] to simulate the drain current characteristics of stressed devices. First, by following N it effect (solid lines) and with considering N it effect (dashed lines). The insert using GIDL current measurement is used to show no fixed oxide charges were generated during the stress.
the procedure described in [11] that process flow was set up and the channel profile, source/drain doping profile, and key mobility factors have been calibrated. The solid lines and dotted circles in Fig. 4 are the measured and simulated drain current characteristics respectively for devices before the stress (fresh). Results show pretty good agreements. This is to ensure the accuracy of the results in this work. Then, to simulate the device drain current by including the effect, an empirical mobility degradation formula [12] including Coulomb scattering and surface roughness enhanced scattering was incorporated for the 2-D device simulation. The dashed lines and solid rectangles in Fig. 4 shows the measured and simulated drain current characteristics after the stress at 10 s which shows very good match with measurement.
2) The electric field and hot-carrier injection current were simulated using DD (Drift-Diffusion) models. The peak position of after 11 000 s stress is separated from that of and by 150Å. Advanced device simulation [13] proved that this discrepancy is very reasonable due to nonlocal effect in submicron MOSFET's, because carriers need to travel sufficient distance to become energetic.
3) The peak values of generated interface states in LDD device are mostly located in Region III. The negatively charged interface states here are prone to reduce conducting carriers that increases series resistance, thus is degraded. The characterized interface state profile gives direct evidence for the degradation mechanism of spacer-induced degradation in LDD devices. 4) For the characterization in Fig. 3 , it was assumed that no fixed oxide charge was generated which will make the method more simple. To show that the fixed oxide charge was not generated, we took a measurement of Gate Induced Drain Leakage (GIDL) current as shown in the insert of Fig. 5 ([14]) where we see that no oxide charge was generated in our device stress conditions. This can avoid the complicate determination of fixed oxide charge. On the other hand, the effect of on the calculated is shown in Fig. 5 (in dashed lines). Again, if these values of are used for calculation (6b), the distribution is given in Fig. 6 . The solid lines are the results without considering effect, while the dashed lines are the results considering effect. Here, we see that although there are much more difference for low values of , there is not much difference at the near peak region. More importantly, the device degradation characteristics are determined mainly by the peak values and the position of as will be described in the next section. In such a case, it is reasonable to calculate term in (6b) using curves (Fig. 2) of fresh devices.
IV. APPLICATIONS TO DRAIN-ENGINEERING STUDY
In the past, substrate current [7] or impact ionization rate is generally used as a monitor to evaluate MOS device hot-carrier reliability. But, in some cases, a device with larger substrate current may not have poorer drain current degradation. We will show in this section how to evaluate the drain current degradation correctly using the interface state profiling results. The application of the present method to the hot-carrier effect evaluation of MLDD, 45 LATID and LDD devices will be demonstrated. These include the substrate current , effective impact ionization rate , the spacer-induced degradation, and the drain current degradation of these devices. values over the whole range, while its at low is larger than 45 LATID due too its lower current drivability. Also, by comparing Figs. 7 and 8, we see that is proportional to . If we use as a monitor of the generated interface states, the induced total amount of is proportional to the value at stressed biases. Under this argument, the MLDD device is expected to suffer the most severe drgradation, 45 LATID device is medium, and LDD device is the minimum. However, the results are just the opposite. From the comparison shown in Fig. 8 , the drain current degradation for three devices, we see that LDD device suffers the most severe degradation than the others at the same stress time, 45 LATID has the minimum degradation. Obviously, the above indicator using (Fig. 7) can not explain the results shown in Fig. 8 .
A. The Comparison of Hot-Carrier Related Static Characteristics
B. Structure-Dependent Hot-Carrier Effect
In order to solve the discrepency between Figs. 7 and 8, our results of distributions in Fig. 9 can be used to explain the drain current degradation correctly. As a consequence, we can draw a criterion by using profiles as a good monitor of device hot-carrier reliability. Fig. 9 compares the profile for the MLDD, 45 LATID and LDD devices after 11 000 s stress. Channel electric field is also plotted together for comparing its correlation with profile. More details are described as follows.
1) The peaks of interface state profiles are all located outside gate edge, therefore, all three devices suffer spacerinduced degradation. The spacer-induced degradation [2] is driven by the increase of drain region series resistance. Fig. 10 shows that the trend of variation of the series resistance increment (extracted using a method in [15] ) is the same as that of . LDD device suffers the most severe spacer-induced degradation since it has the largest peak values underneath the spacer. While, in MLDD, spacer-induced degradation is smaller and is less significant in 45 LATID device. This reveals that the spacer-induced degradation dominates the drain current degradations for LDD devices with spacer structure. 2) From the calculated total amount of interface states in each damaged region, we found that the dominant damaged region for MLDD device is Region II, for 45 LATID device is Region II, and for LDD device is Region III. Fig. 11 shows the simulated variation of device surface electron concentration before stress and after stress 11 000 s for LDD and LATID45 respectively. For LDD, it has the largest peak and the position of peak is located far from gate edge as compared with the others such that the reduction of electron concentration [ Fig. 11(a) ] is very significant owing to its lighter n region doping concentration, which increase the series resistance in the spacer region. It is this serious series resistance effect that causes LDD having the largest degradation.
3) In contrast to LDD device, MLDD device has a little higher n concentration than that of LDD device such that the resistance effect is weaker as shown in Fig. 11 . By examining profils of MLDD and LDD, increasing n dosage can move the dominant damaged region toward channel direction as illustrated in Fig. 12 , which increases gate controllability over damaged region. This fact helps alleviating the series resistance effect in MLDD. 4) The n tilt angle implantation makes the LATID45 having the peak values inside the gate edge. The electric field is distributed widely with smallest peak value among all three devices. In addition, LATID45 has smaller reduction of electron concentration in the gate/n overlapped region as given in Fig. 11(b) and hence much less resistance increment effect in Fig. 10 . These show that LATID45 has the smallest degradation and why LATID45 device can alleviate the hotcarrier effect.
C. Discussion
The present method is superior to those in [16] - [18] . First, in [16] and [18] , the depletion width is calculated by analytical formula [16] (based on the depletion approximation formula between and depletion layer width) or determined experimentally [18] which may limit profiling accuracy. Secondly, the measurement causes unintentional re-stress effect repeatedly in [16] , [17] since a large drain bias is applied during the experiments. Thirdly, the method in [18] can not be applied to LDD device structures since it used the gate length as a reference point where is determined inside the gate length (Figs. 6 and 8 in [18] ). For the devices being studied, the region under the spacer region will also contribute to the charge pumping current such that most of the distribution will cover both the gate-drain overlap region and the spacer region. The present method can achieve this purpose based on the -plot and the simulated curves. While, the method in [18] based on the experimentally determined profile is not adequate for application in LDD device structures. Finally, both papers only dealt with the spatial distribution of , no criterion was provided to correlate the device degradation with distributions for a device drain engineering study. In short, the conventional criterion using for monitoring the device reliability is not a sufficient criterion for device drain engineering study. The degradation of a drain-engineered MOSFET should be compared based on the extent of the peak position of and its peak values. In other words, the more the interface statesare generated inside the spacer region, the larger the drain current degradation becomes. With a tradeoff between the use of n implantation dosage and angle, the design optimization of a hot-carrier resistant MOS device can be better understood through the use of the newly proposed method.
V. CONCLUSION
In this paper, an efficient interface state profiling technique is proposed to study the hot-carrier reliability of drainengineered submiron LDD n-MOSFET's. Interface state profiling was first developed based on the charge pumping measurement technique. The developed profiling technique is then applied to study the structure-dependent hot-carrier effects in various drain structure LDD devices. In particular, a new criterion based on the observation of the distribution is a good and correct monitor for hot-carrier reliability evaluation. We should keep the peak values of far away from the spacer region in order to obtain better device reliability. For LDD structure devices in our studies, spacer-induced degradation is inevitable. The series resistance effect induced by the interface state is the origin of device drain current degradation. The larger the generated interface states in the spacer region, the worse the device drain current degradation. LATID device or increasing n doping of an LDD device provides a way to reduce hot-carrier effect since most of generated interface states are located away from the spacer region such that the above series resitance effect becomes weak. With a tradeoff between the use of n implantation dosage and angle, we conclude that the design optimization of a hot-carrier resistant MOS device can be better understood through the use of the newly proposed method.
